Gas phase cationic polymerization has attracted much attention because of its impact on a number of areas including the mechanism and kinetics of polymerization, production of large molecules in interstellar media, soot formation in hydrocarbon flames, photoemission from polymeric ions, and ion-induced nucleation with numerous implications in atmospheric, combustion, and radiation processes. !-3
radiolysis studies can provide information on the kinetics of the reaction as well as characterization of the polymer by its chain length and composition, they provide little or no information concerning the actual nature of the reactions occurring in the course of polymerization.l(a) This information can be obtained from mass spectrometric studies where different polymerization sequences can be identified through studies of consecutive ion-molecule reactions. Among the systems which have received considerable attention both in radiation polymerization and mass spectrometric studies is vinyl chloride. l (a),I(c),4-9 Condensation reactions of this compound were indeed observed in several ion-molecule studies and were found to involve elimination of HCl, Cl, and CH 2 CI as neutral or radical species. 1 (c),4-8 The purpose of this communication is to report the observation of eliminative cationic polymerization within van der Waals (vdW) clusters of vinyl chloride following their electron impact (EI) ionization. A detailed description of the results will be given in a subsequent report.
van der Waals clusters can provide a unique opportunity to study cationic polymerization in the intermediate regime between gas phase and condensed phase chemistry. Several groups have recently observed ion-molecule reactions within vdW clusters resulting, in some cases, in the formation of new cluster ions which are not observed in typical gas phase bimolecular reactions. to Most of the stud-ies were focused on hydrogen-bonded clusters, and reactions such as protonation ll and hydration l2 have been observed. In the case of acetylene clusters, rearrangement of small clusters such as (C 2 H 2 ) 3+ to some common stable C 6 Hl ions has been observed following photoionization of the neutral clusters.! (e) Recently, addition reactions have been suggested to explain the mass spectrum of ethylene clusters,13 but no elimination reactions have been observed. Herein, we report what we believe to be the first observation of eliminative polymerization of vdW clusters, and also present new information on the mechanism involved in the first stages of cationic polymerization of vinyl chloride.
Vinyl chloride was purchased from Fluka at a stated purity of 99.9% and was degassed by multiple freezepump-thaw cycles prior to its use. The EI mass spectrum was found similar to the reported spectrum 14 and did not indicate the presence of any significant impurities. Vinyl chloride clusters were generated by pulsed adiabatic expansion in a supersonic cluster beam apparatus. IS The essential elements of the apparatus are jet and beam chambers coupled to a quadrupole mass spectrometer. During operation, saturated vinyl chloride vapor is formed by flowing ultrahigh-purity He (Spectra Gases 99.999%) at a pressure of 2-4 atm through a reservoir filled with liquid vinyl chloride at 240 K. The saturated gas is expanded through a conical nozzle in pulses of 200-300 f-Ls duration at repetition rates of 10-20 Hz. The jet is skimmed and passed into a high vacuum chamber which is maintained at (5-9) X 10 -8 Torr. The cluster beam enters the ion source and quadrupole mass filter in an axial configuration. The amplified signal from the particle multiplier is processed using a boxcar integrator (EG&G model 166) set to sample at arrival times appropriate for the detected ions. At least 30 shots per amu are averaged during each run. Figure 1 displays a representative segment of a typical 70 e V EI mass spectrum of a cluster beam of vinyl chloride (VC). In view of the simple mass spectrum of the monomer 14 which consists mainly of the two major ions C 2 H 3 CI + and C 2 H 3 +, a surprising number of peaks are observed for the clusters as shown in Fig. 1 C 4 H 7 Cl + (VC)n_2; C 6 H I Cl+(VC)n_3, i=7-10; C 7 H J Cl+(VC)n_4' j=8-10; and C 8 H k Cl+(VC)n_4, k=9-13. Furthermore, another sequence corresponding to Cl + (V C) n _ 1 is observed but only when the EI energy is greater than 30 eV. The 3sCl/37Cl ratio serves as an indicator of the number of chlorine atoms present in the ion fragment and therefore aids the assignment of the mass spectrum.
The observed ions are consistent with their formation by eliminative cationic polymerization within the clusters. Thus, the precursor ions C 2 H 3 CI + and C 2 Hl undergo ion/molecule condensation reactions with neighboring ~H3Cl molecules in the cluster with subsequent elimination of neutral species according to (C 2 H 3 CI + + C 2 H 3 Cl) (VC)n_2 --.C 4 H s Cl+ (VC)n_2 + HCl --.C 4 H 6 CI + (VC) n _ 2 + Cl --.C 3 H 4 Cl + (VC)n_2 + CH 2 Cl,
(3)
The analogous bimolecular elimination reactions of reactions (1)-(6) have been seen by ICR and HPMS in the work of several groups. 1 (c),~ Similar elimination reactions have been observed in methyl halide clusters following EI ionization. 16 Reactions (1 )-(3) are known to proceed with an average rate constant of 1-2 X 10 -10 cm 3 molecule -1 S -I. Under our experimental conditions, several microseconds elapse between the generation of the cation within the cluster and the entrance of the ions into the quadrupole filter. This permits direct observation of the product ions generated from relatively slow consecutive condensation reactions.
Reactions (1 )-( 6) constitute a general scheme for the first stages of the cationic chemistry observed in vinyl chloride and explain most of the processes which we observe. The ion C 3 H 4 Cl + is not observed in any clustering sequence with VC. In this context, we note that the bimolecular ion/molecule reactions analogous to reactions (1)-(3) are exothermic by 41, 21-14, and 5 ± 7 kcal/mol, respectively.l(e) Therefore the elimination of CH 2 Cl is barely allowed energetically for the reaction of the unsolvated C 2 H 3 Cl + ion. The fact that the sequence C 3 H 4 Cl + (VC) n _ 2 is not observed in any cluster with n larger than 2 may indicate that ion solvation renders the reaction less exothermic. We also observe that the product ions of reactions (1)-( 6) each undergo two consecutive condensation reactions within the clusters involving in each step an elimination of HCI or CI to yield the polymeric ions CgHkCI +, CgHt, k = 9-13, and C7H~1 + , 1= 7-10. These ions, in turn, add additional C 2 H 3 CI molecules within the clusters to generate large polymeric ions. The exothermicity of the condensation reactions (1) and (2) can be efficiently dissipated through evaporative loss of vdW bonded monomers in the cluster. For smaller clusters this mechanism may not be very efficient and considerable amounts of energy may be deposited within the polymeric ions which can cause their characteristic fragmentations. In relation to this argument, it is noted that addition of ~H3CI molecules to the precursor ions C 2 H 3 CI + and C 2 Ht could give rise to condensation ions of the form (C 2 H 3 Cl),,+ and C 2 H 3 + (C 2 H 3 CI),,_I, respectively. Decomposition of these ions by loss ofHCI or CI would result in polymeric ions similar to those generated by elimination reactions. We also observe hydrocarbon ions such as C.~Hs+, C 4 H/, Cc,H/, C 6 Hl, C6H9+' CsHi~, and C1oH1~' The formation of these ions can be accounted for by the elimination reactions of the C 2 H 3 + ion within the clusters and sequential loss of HCI or CI from the condensation ions. Of the observed hydrocarbon ions, the intensity of the Cc,H/ peak is relatively large and this may indicate special stability. This observation is in agreement with previous ICR results which suggest that the C 6 H/ ion has a cyclic structure similar to protonated benzene. This is consistent with the very small intensity observed in our experiments for higher order product ions such as CsH,;i, m = 7-13. Figure 2 is a representative scheme for the reactions initiated by the C 2 H 3 CI + ion and takes into account the three processes thought to be important, namely, elimination, addition, and decomposition reactions within the clusters. The sequences generated in Fig. 2 represent the most abundant peaks observed in the mass spectrum of the cluster beam. Similar schemes can be employed to account for other possible combinations of elimination reactions and also for the reactions of C 2 Ht within the clusters. This overall reaction mechanism is then capable of accounting for all the observed peaks in VC clusters.
An important question to which the present results provide insight concerns the extent by which the elimination reactions proceed within the clusters to generate higher order condensation ions. If some stable cyclic structures are produced, this may interrupt the general pattern of successive elimination reactions. This behavior is seen in the large intensity of the C 6 H/ which is followed by small peaks for higher ions. We also observe that the elimination reactions initiated by C 2 H 3 CI + terminate after three successive steps; each involving elimination of HCI or Cl. As shown in Figs. 2, the product ions are of the general formula CsHkCI +, k = 9-13. We speculate that these ions rearrange to some stable structures and this may account for the lack of further elimination reactions involving these ions.
Finally, we note another intriguing feature of the VC clusters, namely, the pronounced dependence of the mass spectrum on the internal energy of the parent ions. Reducing the electron energy to 30 eV caused a 50% increase in the intensity of all the observed sequences except for C 2 H 4 CI + (VC),,_ 2 and CI + (VC)" -1' This observation is consistent with previous studies which illustrated that the bimolecular rate coefficients for reactions (1 )-( 3) dramatically decrease as the energy of the reactant ions increases.1(e) In our experiments with 30 eV EI, the intensity of the protonated series C 2 H 4 CI + (VC)" _ 2 decreased by more than 80% while the CI + (VC),,_1 sequence completely vanished. The production of the CI + (VC)" _ 1 ions may be accounted for by the reaction (7) However, there appears to be no report of a bimolecular ion-molecule reaction analogous to reaction (7) . It is quite tempting to speculate at this point that reaction (7) is a high energy termolecular ion-molecule reaction which may only occur following the generation of the C 2 H 4 CI + ion with sufficient excess energy within the solvated environment of the cluster.
In summary, we have obtained unambiguous evidence for consecutive eliminative cationic polymerization within vdW clusters of vinyl chloride following EI ionization. Further experiments employing multi photon ionization are now in progress to establish the reaction mechanism and to obtain more information on the dependence of the reaction sequences on the internal energy of the parent ions. 17
